We have identified Socs1 as a downstream component of the Kit receptor tyrosine kinase signalling pathway. We show that the expression of Socs1 mRNA is rapidly increased in primary bone marrow-derived mast cells following exposure to Steel factor, and Socs1 inducibly binds to the Kit receptor tyrosine kinase via its Src homology 2 (SH2) domain. Previous studies have shown that Socs1 suppresses cytokine-mediated differentiation in M1 cells inhibiting Janus family kinases. In contrast, constitutive expression of Socs1 suppresses the mitogenic potential of Kit while maintaining Steel factordependent cell survival signals. Unlike Janus kinases, Socs1 does not inhibit the catalytic activity of the Kit tyrosine kinase. In order to define the mechanism by which Socs1-mediated suppression of Kit-dependent mitogenesis occurs, we demonstrate that Socs1 binds to the signalling proteins Grb-2 and the Rho-family guanine nucleotide exchange factors Vav. We show that Grb2 binds Socs1 via its SH3 domains to putative diproline determinants located in the N-terminus of Socs1, and Socs1 binds to the N-terminal regulatory region of Vav. These data suggest that Socs1 is an inducible switch which modulates proliferative signals in favour of cell survival signals and functions as an adaptor protein in receptor tyrosine kinase signalling pathways.
Introduction
Receptor tyrosine kinases (RTKs) and their ligands initiate signalling pathways that determine cell fate during both invertebrate and vertebrate development (Pawson and Bernstein, 1990) . The important role RTKs play in mammalian development is underscored by the pleiotropic abnormalities observed in mice that carry loss-of-function mutations within the dominant white (W) locus. The W locus encodes the cellular homologue of the retrovirally transduced Kit RTK. W mice with mutations that diminish
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Kit kinase activity lack hair pigmentation, suffer from hematopoietic defects and are infertile. A similar constellation of developmental defects is observed in Steel mice that carry loss-of-function mutations in the Kit ligand. In humans Kit mutations cause piebaldism, a syndrome resulting in abnormal skin and hair pigmentation and deafness (Fleischman et al., 1991; Giebel and Spritz, 1991) . The cellular impairment underlying the W phenotype reflects the inability of neural crest-derived melanoblasts, hematopoietic stem cells (HSCs) and primordial germ cells to proliferate, differentiate, migrate and/or survive during embryogenesis and adult life (Russell, 1979; Silvers, 1979) .
The role of Kit and Steel factors in hematopoiesis has been particularly well studied (Broudy, 1997; Lyman and Jacobsen, 1998) . Kit is expressed on early hematopoietic progenitor cells that self-renew and are capable of reconstituting all hematopoietic lineages in irradiated hosts (Okada et al., 1991; Ikuta and Weissman, 1992; Orlic et al., 1993) . Steel factor alone can support the survival and self-renewal of HSCs in vitro and in vivo (Li and Johnson, 1994; Keller et al., 1995) . However, in combination with other hematopoietic growth factors, Steel factor enhances the expansion of cells committed to both the lymphoid and myeloid lineages (McNiece et al., 1991a,b; Ulich et al., 1991; Pietsch et al., 1992; Tsuji et al., 1992; Ploemacher et al., 1993) . Therefore, depending on the cellular context and local growth factor milieu, Steel factor manifests diverse functions during early and late hematopoiesis by virtue of its capacity to maintain and expand HSCs and participate in proliferative and differentiative events associated with lineage commitment. Little is currently known about the signal-transduction molecules that regulate Steel factor-mediated control of the cell cycle of HSCs or those which are involved in the activation of lineage-specific developmental programs.
The mechanism by which Kit initiates diverse cellular responses results in part from the specific array of signaltransducing pathways engaged by the activated Kit receptor. Kit activates canonical signal-transduction pathways including those regulated by phosphatidylinositol 3Ј-kinase (PI3K), Ras and phospholipase-C-gamma (PLC-γ) that are common to many growth factor and cytokine receptors (Lev et al., 1991; Rottapel et al., 1994) . The activation of PI3K has been linked to mitogenesis (Blume-Jensen et al., 1994; Serve et al., 1995) , differentiation (Kubota et al., 1998) and cell adhesion (Serve et al., 1995) . PI3K has been shown to support survival and chemotactic responses in other receptor systems (Wennstrom et al., 1994; Yao and Cooper, 1995) . Additional signalling molecules that couple to Kit include Vav (Alai et al., 1992) , Jak2 (Weiler et al., 1996) , Dok (Carpino et al., 1997) , Tec (Tang et al., 1994) and the tyrosine phosphatase SHP-1 (Kozlowski et al., 1998) . Mutations which uncouple Kit from the SHP-1 phosphatase renders these receptors hypersensitive to Steel factor stimulation, suggesting that SHP-1 serves to downregulate the activated receptor through dephosphorylation (Kozlowski et al., 1998) . The function of Vav, Jak2, Dok and Tec in the context of the Kit signalling network has not been established.
In order to identify other signalling molecules that participate in Kit signal-transduction events in hematopoietic cells, we utilized the yeast two-hybrid system to isolate cDNAs encoding Kit-binding proteins. One of the cDNA clones (clone #99) isolated with this method encodes Socs1/Jab/Ssi-1/Tip3 (Endo et al., 1997; Naka et al., 1997; Ohya et al., 1997; Starr et al., 1997) (hereafter referred to as Socs1 for suppressor of cytokine signaling as this name reflects its most generic function). We show that Socs1 binds to Kit in vivo and is induced as an early response gene following Kit activation. Constitutive expression of Socs1 suppressed Kit-mediated proliferation of hematopoietic and fibroblast cells. While Socs1 has recently been reported to suppress cytokine signalling as a Janus kinase pseudosubstrate inhibitor, Socs1 did not inhibit Kit phosphorylation or the phosphorylation of Kit substrates suggesting that suppression of Kit signalling occurred by interference with other signal-transduction pathways. In support of this hypothesis, we provide evidence that Socs1 binds to the negative regulatory N-terminus of the hematopoietic-specific Rac exchange factor,Vav, and to the Src homology 3 (SH3) domains of the SOS adapter molecule, Grb2.
Results

Isolation of Kit-interacting proteins
A yeast two-hybrid assay (Fields and Song, 1989 ) was used to identify new proteins that interact with the cytoplasmic domain of the murine Kit receptor. A similar approach has been used successfully to identify protein partners for the insulin, Met and colony stimulating factor 1 (CSF-1) RTKs (O'Neill et al., 1994; Weidner et al., 1996; Bourette et al., 1997) . For the bait, the entire intracellular kinase domain of Kit was expressed as a fusion protein with the DNA-binding-and the dimerization-domain of LexA. The LexA-Kit bait was used to screen a VP-16 target library derived from the multipotent murine hematopoietic cell line EML-C1, which is capable of cytokine-induced differentiation into erythroid, myeloid and lymphoid lineages (Tsai et al., 1994) . EML requires Steel factor to maintain its multipotency and therefore should express the transcripts encoding signalling molecules that participate in Kitmediated signal-transduction events important in early hematopoiesis. The screening was validated by the isolation of genes encoding proteins known to interact with Kit including p85α, p85β, Grb2 and PLC-γ (Lev et al., 1991; Rottapel et al., 1991; Blume-Jensen et al., 1994) . In addition to these genes, we identified clone #99, a partial cDNA encoding an SH2-containing protein (Table I) . The tyrosine kinase dependence of this interaction was determined by demonstrating that the yeast clone #99 cured of the LexA-wild type Kit bait and mated with AMR70 yeast containing a LexA-kinase dead (D790N) Kit bait no longer interacted. Substitution of Asp790 with Asn within the phosphotransferase domain is derived from the severe W 42 allele and abolishes the catalytic activity 
The signs plus and minus indicate that an interaction as detected by a β-galactosidase assay was observed (ϩ) or not (-). KitW42 is a kinase dead allele of Kit (mutation D790N).
of Kit (Reith et al., 1990) . The specificity of the interaction of clone #99 with Kit was substantiated by demonstrating the absence of β-galactosidase transactivation between VP-16-#99 and LexA-lamin control bait (Table I) .
Structure of clone #99 RNA and protein
Using the partial sequence of clone #99 as a probe, we isolated a full-length cDNA clone from an oligo(dT) primed cDNA library derived from the EML-C1 cell line. The largest clone was 1193 base pairs in length and contained an open reading frame of 336 nucleotides that encoded a 212 amino acid polypeptide with a predicted mol. wt of 23.7 kDa. Clone #99 is identical to Socs1 (Endo et al., 1997; Naka et al., 1997; Starr et al., 1997) . The Socs1 protein contains an unusual stretch of eight consecutive serine residues in the N-terminus. The Nterminal arm also contains a type I (residues 41-47) and a type II (residues 34-39) diproline motif, the defining determinants for SH3 domain binding (Yu et al., 1994; Sparks et al., 1996) (Figure 1 ). The C-terminal residues of Socs1 define a region of homology, designated the Socs box (Hilton et al., 1998) , the Cis homology (CH) domain (Masuhara et al., 1997) , or the SC motif (Minamoto et al., 1997) present in seven other Socs family members and 12 putative open reading frames, suggesting a conserved, but presently unknown, function (Hilton et al., 1998) .
Socs1 mRNA is induced as an early response gene by Steel factor
In cultured cells of hematopoietic origin, Socs1 transcripts were abundant in primary bone marrow-derived mast cells and detected at lower levels in EML-C1, Ba/F3, and the Figure 2C ). Our data demonstrate that in addition to members of the hematopoietin receptors including EpoR, granulocyte-macrophage CSF receptor (GM-CSF-R), IL-3R and IL-6R Starr et al., 1997) , activation of Kit, a member of the RTK family can induce Socs1 mRNA levels.
906
Kit and Socs1 form an SH2-dependent complex in vivo To determine whether Kit and Socs1 interact in mammalian cells, both proteins were expressed in 293T cells and coimmunoprecipitations were performed. Socs1 was expressed as a fusion protein with the hemagglutinin (HA) epitope transcribed in-frame at its N-terminus and immunoprecipitated with anti-HA mAbs from 293T cell lysates. Protein complexes containing epitope-tagged Socs1 were detected using polyclonal rabbit sera directed against the Socs1 N-terminus including the SH2 domain ( Figure 3A , lanes 5, 10 and 11). Kit bound to Socs1 in response to ligand-induced activation of Kit, suggesting that the interaction required phosphorylation of the receptor ( Figure 3A , lanes 10 and 11). Similarly, we observed the inducible association of phosphorylated Kit with Socs1 in the IL-3-dependent Ba/F3 cells transfected with both Kit and Socs1 proteins ( Figure 3B , lane 3). Mutation of the conserved arginine within the phosphotyrosine-binding pocket of the Socs1 SH2 domain (R105K), known to disrupt phosphotyrosine binding for the Abl and GAP SH2 domains (Marengere and Pawson, 1992; Mayer et al., 1992) , abolished the interaction of Socs1 with Kit demonstrating that this complex was dependent on an SH2-phosphotyrosine interaction ( Figure 3C , lanes 5 and 6).
Kit kinase activity is not suppressed by Socs1
Socs1 has recently been reported to suppress the kinase activity of Janus kinase family members and the Btk/Itk kinase family member Tec in 293 cells (Endo et al., 1997; Naka et al., 1997; Ohya et al., 1997) . To establish whether Socs1 functions as an inhibitor of the Kit protein tyrosine kinase, we measured the phosphotyrosine content of Kit following Steel factor stimulation in 293T cells expressing Kit alone, or Kit with Socs1. Kit was immunoprecipitated from unstimulated or stimulated 293T cells and blotted with antiphosphotyrosine antibodies. The coexpression of Socs1 did not prevent the induction of Kit phosphorylation ( Figure 3D , lanes 1 and 3). Moreover, we examined the phosphorylated state of the fraction of Kit bound to Socs1 and detected high levels of phosphorylated Kit complexed to Socs1 ( Figure 3E , lanes 5 and 6). The phosphorylation of Vav, a substrate of Kit (Alai et al., 1992) , was similarly undiminished by Socs1 expression ( Figure 3D , lanes 5 and 6). Phosphorylated Vav was observed in Socs1 immune complexes, suggesting a direct or indirect interaction between Socs1 and Vav ( Figure 3D , lane 9). These results were recapitulated in Ba/F3 cells stably expressing both Kit and Socs1 ( Figure 3F ). These data suggest that Socs1 does not inhibit the Kit catalytic activity nor impair the phosphorylation of the Kit substrate Vav.
Socs1 binds to several members of the receptor tyrosine kinase family
We tested the capacity of Socs1 to bind to other receptor tyrosine kinase family members in a yeast two-hybrid experiment. Yeast L40 clones containing VP-16 #99 were mated with yeast AMR70 clones containing LexA alone, LexA-lamin or LexA fused with the kinase domains of Flt3, PDGF-R, CSF1-R or Tek. As a negative control each of the AMR70 clones was mated with L40 yeast containing VP-16 alone. These clones were sequentially tested for Flt3 is a RTK structurally related to Kit that is expressed in early hematopoietic multipotent progenitors and in lymphoid progenitors. The Flt3 ligand supports the survival and differentiation of early B cell progenitors (Ray et al., 1996) . We verified the capacity of Flt3 and Socs1 to form an inducible and stable protein complex in vivo in a transfection assay. Flt3 was transiently expressed in 293T Lysates of cells expressing a Fms-Flt3 chimeric receptor (FF3) and HA-Socs1 were subjected to immunoprecipitation using either anti-Flt3 rabbit polyclonal serum, the anti-HA mAb 12CA5 or a 12CA5 isotype control (IgG2b). Protein complexes were probed with anti-Flt3 antibodies (upper panel) or Socs1 antibodies (lower panels). Cells were treated (ϩ) or not (-) with CSF-1 (700 ng/ml) for 5 min. An equal amount of lysate derived from the same transfection was used in the '-' and the 'ϩ' lanes, respectively. cells in the presence or absence of ectopically expressed Socs1. Socs1 was immunoprecipitated using HA mAbs from serum-starved or Flt3-activated cells and the immune complexes were blotted with anti-Flt3-specific antibodies. 
Socs1 binds to the guanine nucleotide exchange factors Vav and Vav2
In order to identify downstream signalling pathways which are coupled to Kit by Socs1, we performed a yeast twohybrid screen using the full-length Socs1 as a bait against the EML-C1 cDNA library. One of the interacting clones was identified as the Rho-family GTPase exchange factor (GEF) Vav. The capacity of Socs1 to bind to Vav in mammalian cells was verified by co-transfection of plasmids encoding both Socs1 and Vav into 293T cells ( Figure 5A ). The cells were lysed and Socs1 protein immunoprecipitated. Proteins present in the Socs1 immune complex were separated by SDS-PAGE and immunoblotted for Vav. Vav formed a stable complex with both Socs1 and with Socs1 harbouring a mutation in the phosphotyrosine-binding pocket of the SH2 domain (R105K) ( Figure 5A , lanes 3 and 5). The VP-16-Vav fusion protein identified in the Socs1 yeast two-hybrid screen encompasses the leucine-rich and an acidic region in the Vav N-terminus. This region of Vav is highly conserved (Ͼ80% similarity) with sequences present in the N-terminus of the recently identified second Vav family member Vav2 (Henske et al., 1995; Schuebel et al., 1996) . We tested the capacity of Vav2 to bind to Socs1 by co-immunoprecipitation. As demonstrated in Figure  5B Socs1 and Vav2 formed a protein complex in 293T cells consistent with the notion that conserved residues present in the N-termini of both Vav and Vav2 contain the determinants necessary for Socs1 binding.
Socs1 binds to SH3-containing proteins
Socs1 protein contains a class I and a class II diproline motif in its N-terminal arm. We tested whether SH3 domains of known signalling proteins could bind to Socs1 in vitro. Immobilized glutathione S-transferase (GST)-SH3 domain fusion proteins were mixed with lysates from 293T cells expressing epitope-tagged Socs1. The protein complexes were washed and separated by SDS-PAGE then blotted with HA antibodies. Socs1 co-precipitated with the SH3 domains of linker-type molecules such as Grb2, p85 and Nck, but not with the the proline-binding WW domains derived from Yap and dystrophin. The SH3 domains from the tyrosine kinases Itk and Fyn also interacted with Socs1 but not those derived from Abl, Src, Lck, Fgr, Hs1, PLCγ, Vav, Gap and spectrin ( Figure 6A ).
Molecular characterization of mutant alleles of the Caenorhabditis elegans Grb2 homologue sem5 have identified single point mutations that diminish the binding capacity of the SH3 domains to their target proteins Rozakis-Adcock et al., 1993) . We used these loss-of-function mutations defined in the SH3 domains of Sem5 to verify the domain requirements for the Grb2-Socs1 interaction in vivo. Myc-tagged wild-type Grb2 or Grb2 variants carrying mutations in either the N-terminal (P49L) or C-terminal (G203R) SH3 domains, or an internal deletion within the SH2 domain (Grb3-3), were cotransfected with Socs1 in 293T cells. Grb2 transfected protein carrying a loss-of-function mutation in both the N-and C-terminal SH3 domains abrogated Socs1 binding, while mutating either the N-terminal or C-terminal SH3 domain severely reduced binding suggesting that both SH3 domains are required for optimal binding of Grb2 to Socs1 ( Figure 6B ). Grb3-3, a Grb2 isoform with a nonfunctional SH2 domain (Fath et al., 1994) , bound to Socs1 at levels comparable to wild-type Grb2. These results show that Socs1 can bind to Grb2 in vivo via the Grb2 SH3 domains and that this interaction is independent of the Grb2 SH2 domain.
Socs1 is a negative regulator of Kit and Flt3 mitogenic signals
To investigate the function of Socs1 in the context of Kitdependent signalling, Socs1 was transfected into two different hematopoietic cell lines whose growth is dependent on Kit activation, EML-C1 and Ba/F3-KitΔ27. Socs1 was expressed using the bi-cistronic retroviral vector pMiev (Cheng et al., 1997) . The pMiev-Socs1 plasmid contains an internal ribosome entry site (IRES) inserted between cDNA encoding Socs1 and the enhanced green fluorescent protein (EGFP). As a result, cells infected with pMiev-Socs1 express a single mRNA species encoding both the Socs1 and the EGFP proteins. Cells expressing EGFP and hence Socs1 were readily identified and purified by fluorescence-activated cell sorting (FACS).
EML-C1 cells express Kit endogenously, require Steel factor for the maintenance of their multipotency and die within 24 h following Steel factor privation. A variant Ba/F3 cell line harbouring an oncogenic form of the Kit receptor (Ba/F3-KitΔ27) rendering them growth factorindependent (N.Casteran, R. Rottapel and P.Dubreuil, unpublished) . Both cell lines were infected either with pMiev or with the pMiev-Socs1 retrovirus. Low, intermediate and high GFP expressing cells were isolated by flow-cytometry cell sorting ( Figure 7A ) and Socs1 protein levels in each of the populations were determined by Western blot analysis of cellular lysates ( Figure 7B ). Ba/ F3-KitΔ27 cells infected with either the empty vector or cells expressing intermediate or high levels of Socs1 were plated at an initial density of 40 000 cells/ml and grown under normal conditions for 7 days. Over the course of the 7-day assay, the number of control Ba/F3-KitΔ27 cells increased three times faster than the cells expressing intermediate levels of Socs1. Ba/F3-KitΔ27 cells that expressed high levels of Socs1 failed to proliferate during the 7-day assay ( Figure 7C ), although these cells remained viable as measured by the exclusion of the vital-stain Trypan blue. The capacity of Socs1 to suppress Steel factor-dependent proliferation in EML-C1 cells was similar to the results observed with Ba/F3-KitΔ27 ( Figure 7C ). The fraction of viable EML-C1 cells expressing Socs1 was quantified by staining with Annexin V and 7-aminoactinomycin D (7AAD) (Figure 8 ). EML-C1 cells grown in Steel factor contained~20% of apoptotic and dead cells 48 h after sorting, whereas EML-C1 deprived of Steel factor during the same period had uniformly died. Although EML-C1 cells expressing Socs1 showed no increase in their numbers, 60% were viable at 48 h and 50% were viable at 64 h (Table II) . Both Kit and Flt3 have been shown to support anchorage-independent growth in rodent fibroblasts (Lev et al., 1990; Maroc et al., 1993; Caruana et al., 1998) . We wished to determine whether the mitogenic potential of Kit and Flt3 in fibroblasts was suppressed by the expression of Socs1 as measured by colony formation in soft agar. A population of NIH 3T3 cells that stably express Kit (PK9) and a Rat2 cell population expressing a chimeric Fms/Flt3 receptor (Raff8) both demonstrated liganddependent colony formation in the presence of their cognate ligands after 14 days of culture (Figure 9 , lefthand panels). PK9 and Raff8 cells were secondarily infected with the pMiev-Socs1 retrovirus to achieve high Socs1 expression. The expression of Socs1 did not affect the morphology of the cells and did not affect monolayer proliferation under growth conditions of 10, 5, 1 or 0.5% fetal calf serum (FCS) compared with pMiev infected controls and was not therefore generally toxic to the cells. However, the constitutive expression of Socs1 severely reduced both the number and the size of the colonies in response to either Kit or Flt3 activation (Figure 9 , righthand panels). Therefore, Socs1 suppresses the transformed phenotype induced by the activation of the Kit and Flt3 receptors in fibroblasts. These data, together with those were stained 48 h after they had been sorted for GFP expression. Annexin V and 7-amino-actinomycin D were used to detect apoptotic and dead cells. described above, suggest that Socs1 may function as an inducible 'switch' which attenuates Kit-dependent mitogenic signals while maintaining cell survival signals. a EML-C1 infected with the Miev or Miev-Socs1 retroviruses were sorted by flow cytometry for high GFP expression as outlined in Figure 7 . AnnexinV and 7-amino-actinomycin D (7AAD) were used to determine the percentage of viable cells.
Discussion
In this report we describe the molecular interactions and the function of a new Kit-binding protein, Socs1, cloned from the Steel factor-dependent multipotent hematopoietic cell line EML-C1. We have shown that: (i) Socs1 is expressed in cell lineages which express Kit (i.e. cells of hematopoietic origin); (ii) the expresssion of Socs1 message is regulated as an early response gene by Steel factor in primary bone marrow-derived mast cells and Kittransfected Ba/F3 cells; (iii) Socs1 binds to Kit via its SH2 domain in a phosphotyrosine-dependent manner; (iv) the forced expression of Socs1 in hematopoietic cell lines whose growth depend on Kit activation suppresses mitogenesis responses while maintaining cell survival signals; and (iv) Socs1 is an adaptor-type molecule that binds to Grb2 and Vav.
Socs1 binds to signalling proteins
The Socs1 N-terminus contains both class I and II SH3-binding determinants and is a functional SH3-binding protein.
Specifically, Grb2 forms a constitutive complex Cells sorted for high GFP expression were plated at a density of 10 6 cells/ml in the presence or absence of growth factors (250 ng/ml Steel factor or 100 ng/ml CSF-1) in 0.36% agar. Colonies were photographed after 3 weeks for PK9 and after 2 weeks for RAFF8 following the initiation of cultures.
with Socs1 via its SH3 domains. In order to identify other signalling pathways with which Socs1 interacts, we subjected Socs1 to a yeast two-hybrid screen and showed that Socs1 binds to the hematopoietic-specific GEF Vav. Vav is rapidly phosphorylated on tyrosine in response to ligation of a wide variety of antigen and cytokine receptors Margolis et al., 1992; August et al., 1994; Weng et al., 1994) including Kit (Alai et al., 1992) . The exchange activity of Vav is positively regulated by tyrosine phosphorylation (Crespo et al., 1996) suggesting that Vav may be a positive effector of Kit function in hematopoietic cells. Mice deficient in Vav demonstrate abnormal thymocyte development and attenuated T cell receptor (TCR) activation in peripheral lymphocytes (Fischer et al., 1995; Tarakhovsky et al., 1995; Zhang et al., 1995) . Vav has recently been shown to coordinate lymphocyte cytoskeletal reorganization with cell-cycle progression (Fischer et al., 1998; Holsinger et al., 1998) which is consistent with its role as a Rac1 GEF. Deletion of N-terminal sequences within the leucine rich calponin-like domain (Castresana and Saraste, 1995) renders Vav-transforming in NIH 3T3 cells (Katzav et al., 1989) , while Rho stimulates the formation of actin stress fibres and focal adhesion plaques . Steel factor induces mast cell chemotaxis (Meininger et al., 1992) and adhesion to fibronectin matrix (Serve et al., 1995) , and enhances degranulation (Bischoff and Dahinden, 1992; Vosseller et al., 1997) , all of which requires reorganization of cytoskeletal structures. Ligandinduced activation of Kit stimulates cytoskeletal responses including membrane ruffling and stress-fibre formation (Blume-Jensen et al., 1991; Vosseller et al., 1997) suggesting a role for Rac and Rho in Kit signalling pathways. We are currently examining the capacity of Socs1 to regulate Kit-induced cytoskeletal changes in cells of hematopoietic origin.
Socs1 is a inducible switch suppressing Steel factor-mediated proliferation while maintaining Steel factor-dependent cell survival
We have found that the forced expression of Socs1 in either the EML-C1 or BaF/3-KitΔ27 cell lines attenuated the proliferative response of these cells to Kit activation while maintaining factor-dependent cell survival. Survival in the absence of proliferation may favour differentiation events to occur (Fairbairn et al., 1993) . We are currently investigating whether expression of Socs1 in EML-C1 cells induces differentiation followed by cell death as an explanation of the elevated incidence of apoptosis observed in these cells. These results should be compared with those reported by Starr and Naka (Starr et al., 1997; Naka et al., 1997) . The myelomonocytic leukemic cell line M1 differentiates into mature macrophages, ceases to proliferate and apoptoses in response to IL-6 or LIF. Expression of Socs1 antagonized the effects of IL-6 or LIF by blocking differentiation and promoting DNA synthesis in response to these cytokines. Therefore Socs1 appears to function as a signalling switch, which, depending on the cell line and the cytokine, shifts the response to cytokines either towards proliferation or towards cell survival.
The growth-suppressive action of Socs1 on Kitmediated signalling might result from the capacity of Socs1 to inhibit the kinase activity of Jak2, a substrate of Kit. In support of this idea, Kit and Jak2 form a constitutive complex and Steel factor stimulates the rapid phosphorylation of Jak2 (Weiler et al., 1996) . Treatment of FDCP-1 cells with Jak2 antisense oligonucleotides results in a partial impairment in Steel factor-dependent proliferation (Weiler et al., 1996) and the capacity of Steel factor to support CFU-mix colony formation in fetal liver hematopoietic progenitors derived from Jak2-deficient mice is reduced by~60% compared with normal controls (Parganas et al., 1998) . These data suggest that inhibition of Jak2 would not fully explain the complete block in Kitmediated proliferation of EML-C1 and Ba/F3-KitΔ27 cells expressing Socs1 that we have observed. We tested for the possibility that Socs1 may function as an inhibitor of Kit kinase activity and found that coexpression of Socs1 with Kit did not impair ligand-induced phosphorylation of the receptor or the capacity of Kit substrates such as Vav for becoming phosphorylated. We propose that Socs1 may interrupt other signal-transduction pathways in addition to those lying downstream of the Janus kinase family and conjecture that the interaction of Socs1 with Grb2 and Vav may mediate some of its growth-suppressive effects.
Socs1 may perform an important function for Steel factor-mediated signalling in hematopoietic progenitor cells. Kit is expressed on hematopoietic precursor cells which at high frequency are capable of long-term reconstitution of irradiated recipient mice at high frequency (Okada et al., 1991; Ikuta and Weissman, 1992; Orlic et al., 1993) . Although Steel factor alone provides a weak proliferative stimulus for hematopoietic progenitors, it promotes the survival and self-renewal of hematopoietic stem cells with long-term repopulating ability in vitro in the absence of cell division (Li and Johnson, 1994; Keller et al., 1995) . The combination of Steel factor plus IL-11 retains long-term repopulating activity that can be serially transplanted up to quartenary recipients (Holyoake et al., 1996) . Sustained stem cell self-renewal in vivo is also dependent on Steel factor (Miller et al., 1997) . In combination with other growth factors such as G-CSF, GM-CSF, IL-3, IL-7, IL-11 and IL-12, however, Steel factor is a potent mitogen (McNiece et al., 1991a,b; Ulich et al., 1991; Pietsch et al., 1992; Tsuji et al., 1992; Ploemacher et al., 1993) and in combination with other hemopoietins increases the frequency of erythroid, myeloid and lymphoid progenitor cells. The signalling pathways that define Kit-dependent survival responses versus those that support proliferation are presently unknown. Steel factordependent induction of Socs1, however, may function to modulate Kit signals that mediate cell survival and thus co-ordinate the processes of self-renewal and lineage commitment in hematopoiesis.
Materials and methods
Cells and culture conditions
Bone marrow-derived mast cells were cultured as outlined (Reith et al., 1990) and were grown in OPTI-modified Eagle's medium (MEM), 10% fetal bovine serum (FBS) and 0.5% of conditioned media from X63-IL-3 cells containing IL-3 (Karasuyama and Melchers, 1988) . EML-C1 were a gift of S.Tsai and were grown in Iscove's modified Dulbecco's medium (IMDM) supplemented with 20% horse serum and 15% conditioned media from BHK/mKL containing Kit-ligand (gift from S.Tsai). Ba/F3 cells were grown in Roswell Park Memorial Institute (RPMI) media 10% FBS and 2% of X63-IL-3 conditioned media containing IL-3. Ba/F3-KitΔ27 are Ba/F3 cells rendered IL-3-growthindependent and are tranfected with a mutant form of Kit which is constitutively active as a result of a deletion in the juxtamembrane domain of Kit (N.Casteran, R. Rottapel and P.Dubreuil, unpublished) . Ba/F3-KitΔ27 cells were grown in RPMI and 5% FBS. 293T and GPϩE-86 cells were grown in DMEM and 5% FBS. All media and sera were purchased from Gibco-BRL. Plasmids pBTM116-Kit: the mouse cDNA encoding the Kit intracellular domain (nucleotides 1646-2988) was amplified by PCR and cloned at the EcoRI site in the vector pBTM116 in-frame with LexA. The same strategy was used to clone the W 42 Kit allele. pBTM116-Socs1: the Socs1 cDNA from pSK-Socs1 was cloned at the SalI site of pBTM116Src in-frame with LexA. Similarly, cDNA encoding full-length Socs1, the N-terminal domain corresponding to amino acids 1-79 and the C-terminal domain corresponding to amino acids 168-212 of Socs1 were cloned in the SalI site of pBTM116. Mammalian expression vectors were as follows. pMT3-Socs1: the coding sequence of Socs1 from pSK-Socs1 was cloned at the EcoRI site of pMT3 in-frame with the HA epitope tag. pMT3-Socs1-SH2* carries the Socs1 cDNA with a mutation in codon 105 (CGC changed to AAG) generated by overlapping PCR. pMiev-Socs1: the HA-Socs1 DNA fragment was amplified from pMT3-Socs1 and subcloned in the XhoI and SalI sites of pMiev vector. pMT3-Vav2: human Vav2 cDNA (a gift from D.J.Kwiatkowski) was cloned in pMT3 in-frame with the HA coding sequence. pCMV-Vav: murine Vav cDNA (a gift from J.Penniger) was cloned in the pFLAG-CMV-5 vector (Kodak). Grb2 expression vectors (Kavanaugh et al., 1996) , pECE-Kit (Rottapel et al., 1991) and pECE-Flt3 (Maroc et al., 1993) are described elsewhere. The pLexa-RTKs plasmids were a gift from L.Rohrschneider.
Yeast two-hybrid screen Plasmids, Saccharomyces cerevisiae strains, selective media and the transformation protocol have been described previously (Vojtek and Hollenberg, 1995) . The murine Kit intracellular domain nucleotides 1657-2988, corresponding to amino acids 544-975 was inserted into the pBTM116 vector, resulting in LexA-Kit fusion protein. The S.cerevisiae L40 strain was transformed and selected in medium lacking uracil and tryptophan. A colony containing the LexA-Kit bait was then transformed with the VP-16 cDNA library derived from the multipotential hematopoietic cell line EML (Tsai et al., 1994; Lioubin et al., 1996) . Five million transfected clones were screened for colonies containing a VP-16 fusion protein interacting with the bait on the basis of transactivation of the His3 reporter gene after 3 days growth on medium lacking uracil, tryptophan, leucine, lysine and histidine. Candidate clones were then screened for β-galactosidase activity using a colorimetric assay. The positive yeast clones were then cured of the bait plasmid and mated with AMR70 yeast expressing either LexA-Kit (the bait), a kinaseinactive mutant of Kit (LexA-Kit 42 ), or LexA-lamin. Clones which interacted with Kit, but not Kit 42 or lamin were further analysed. Purified DNA isolated from positive clones was sequenced and compared with DNA databases using the BLAST program at the National Center for Biotechnology Information (NCBI).
The same procedure was used for the yeast two-hybrid screen of Socs1. The full-length Socs1 cDNA was inserted into the pBTM116 vector which contained a constitutively active form of the Src tyrosine kinase cloned into the PvuII site of pBTM116. Colonies expressing a VP-16 fusion protein that interact with the Socs1 bait in a phosphotyrosineindependent manner were cured of the pBTM116-Src-Socs1 plasmid and mated with AMR70 containing pBTM116-Socs1 plasmid.
Isolation of full-length Socs1 cDNA
A λ phage library (λZAPII vector, Stratagene) containing cDNAs obtained by oligo(dT) priming of mRNAs expressed in EML-C1 cells was screened using clone #99 as a probe. After the second round of screening, phagemids (pBluescript SK plasmids) were obtained from the positive phages and sequenced. Two independent cDNA clones (pSKSocs1) were sequenced. Both clones started at the same nucleotide but had a different poly(A) tail. The sequence of pSK-Socs1 has been deposited in the DDBJ/EMBL/GenBank database (accession No. AF120490).
Northern blot analysis
Total RNAs from mouse tissues or cell lines were isolated by the Trizol procedure (Gibco-BRL). Fifteen micrograms of total RNA from tissues or 10 μg of total RNA from cell lines were electrophoresed on formaldehyde-agarose gels and transferred to Hybond Nϩ (AmershamPharmacia Biotech) membranes. The full-length Socs1 cDNA and the L32 ribosomal gene were used as probes. The probes were labelled by random priming and the hybridizations were performed at 65°C. Membranes were washed in 0.2ϫ SSC, 0.1% SDS at 65°C. In some experiments, cells were stimulated with Steel factor (supernatant at 1:50), IL-3 (supernatant at 1:200) or IL-4 (supernatant at 1:1000) (Karasuyama and Melchers, 1988 ) for 1 h before RNA extraction. For IgE-receptor stimulation, a monoclonal IgE anti-di-nitrophenol (DNP) (Sigma) was incubated with the cells at 10 μg/ml at 4°C for 30 min and crosslinking was achieved by adding DNP coupled to human serum albumin (Sigma) at 10 ng/ml. Cycloheximide (Sigma) at indicated concentrations was added 30 min before and during Steel factor stimulation.
Antibodies
Rabbit polyclonal serum against Socs1 was generated by using the first 173 amino acids of Socs1 in fusion with GST as an immunogen. Kit and Flt3 rabbit polyclonal sera were raised against a GST fusion protein containing the kinase inserts of each protein, respectively. Polyclonal serum against Vav was generously supplied by T.Mak and the Vav2 rabbit polyclonal serum was provided by J.Downward. The anti-HA mAb12CA5 was purified from hybridoma supernatant. Purified IgG2b was used as a control for the 12CA5 mAb. Monoclonal antiphosphotyrosine antibodies (4G10) was purchased from Upstate Biotechnology. Protein A-horse-radish peroxidase (HRP) (ICN) and goat anti-mouse IgG-HRP (Jackson Immunoresearch Laboratories) were used as secondary antibodies for Western blots.
Transfection of 293T cells 293T cells were transfected by the calcium-phosphate method as described in Maniatis et al. (1989) . Two million cells seeded in a 100 mm tissue culture dish (Sarstedt Inc.) were transfected with 20 μg of plasmid DNA (either 10 μg of each of two expression vectors or 10 μg of one expression vector plus 10 μg of carrier DNA). Cells were lysed 36-48 h after transfection.
Immunoprecipitation and immunoblotting
Cells were starved for 18 h and then stimulated in the presence or absence of Steel factor (supernatant from CHO-KLS-C used at 1:50; gift from D.Donaldson, Genetic Institute) or CSF-1 (700 ng/ml). Stimulated cells were washed in phosphate-buffered saline (PBS) prior to lysis in ice-cold lysis buffer containing 50 mM HEPES pH 7.5, 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1.5 mM MgCl 2 , 1 mM EGTA, 10 μg/ml aprotinin, 10 μg/ml leupeptin, 1 mM PMSF and 2 mM Na 3 VO 4 . Equalized whole-cell lysates were mixed for 18 h with various antibodies as specified in the text and protein A coupled to agarose beads (Amersham-Pharmacia Biotech) for immunoprecipitation. Proteins from whole-cell lysates and immunoprecipitates were separated by SDS-PAGE, then transferred to Imobilon membranes (Millipore) and blotted with various antibodies as specified in the text. An HRP-conjugated secondary antibody was detected using the enhanced chemiluminescence (ECL) (Amersham-Pharmacia Biotech).
Binding assays using GST-SH3 domain fusion proteins GST-SH3 fusion proteins derived from Crk, Nck, p85, Abl, Src, Lck, Fyn, Itk, Fgr, Hs1, PLCγ, Vav, Gap and spectrin α were expressed in Escherichia coli BL21(DE3) (Stratagene) from pGEX vectors (Amersham-Pharmacia Biotech). GST fusion proteins of Grb2, p85 SH2 and the WW domains from Yap (a gift from M.Sudol) and dystrophin (a gift from D.Rotin) were similarly expressed. Bacterial cultures were grown to log phase, induced by 0.5 mM isopropyl-β-D-galactopyranoside (IPTG) (Gibco-BRL) and incubated for a further 4 h at 28°C. Bacteria were then lysed in lysis buffer and the GST fusion proteins were purified on glutathione-Sepharose beads (Amersham-Pharmacia Biotech). The amount of proteins was estimated on Coomassie-stained SDS-PAGE gels. Ten micrograms of each immobilized GST fusion proteins were mixed with 293T cell lysates expressing Socs1 and incubated for 2 h at 4°C. The beads were washed three times with 1 ml lysis buffer, and bound proteins were separated on a 10% SDS-polyacrylamide gel, transfered to Imobilon and blotted with 12CA5 anti-Ha mAbs.
Infection of cells with retroviral vectors
Packaging GPϩE-86 cells were transfected by the calcium phosphate method with pMiev-Socs1 or pMiev and were sorted for expression of GFP 1 week post-transfection. These two populations of cells were used thereafter as a source of retroviruses. Infections were done by co-culture in 60 mm plates using 2ϫ10 6 mitomycin-treated GPϩE cells and either 2ϫ10 6 of Ba/F3-Kit, 2ϫ10 6 of Ba/F3D27 or 7.5ϫ10 5 EML-C1 cells in 3 ml of culture media (RPMI and 5% FCS or IMDM, 20% horse serum and 15% conditioned media containing Kit-ligand) containing 4 ng/ml of polybrene. Non adherent cells were collected 48 h later and incubated in media for 24 h. Cells were then sorted for high or low expression of GFP using a cell sorter. Cells at the same concentration were plated in triplicates and aliquots counted every day or every other day for growth 913 curves. AnnexinV-PE and 7-amino-actinomycin D (PharMingen) staining were done according to the manufacturer's instructions.
Soft agar colony assays
Thirty-thousand Rat2 or NIH 3T3 cells, or their derivatives, were seeded into 1 ml of an upper layer containing Dulbecco's modified Eagle's medium (DMEM) 0.36% bacto-agar (Gibco-BRL) over a bottom layer containing DMEM and 0.6% bacto-agar in 6-well culture plates (Costar) for the semi-solid culture assay. Both layers were supplemented with 10% FCS, 100 UI/ml penicillin, 100 mg/ml streptomycin, MEM vitamins (Life-Technologies) with or without growth factors (either 250 ng/ml recombinant of murine Steel factor (Immunex) or 100 ng/ml of recombinant human CSF-1 (CetusChiron). The number of colonies was scored after either 14 or 21 days and representative areas were photographed.
